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I. INTRODUCTION
Visible-light tomography is an uncommon diagnostic on tokamaks. On present tokamaks it is mainly used to study edge plasmas' or divertor plasmas. In the past it has been used to study line-emission profiles, Z,, profiles, and the total spectral emission in a broad wavelength range (see references in Ref. 2 ). An advantage of measuring visible light over x rays is that imaging systems can be used to improve sensitivity and resolution. Moreover, efficient mirrors can be employed to view the plasma from directions for which there is no direct access.
A diagnostic for visible-light tomography is operational on the Rijnhuizen Tokamak Project (RTP) (major radius 72 cm, minor radius 16.4 cm, maximum electron temperature 4 keV). The most important features of this system".3 will be described in Sec. II. Preprocessing for the application of tomography codes is discussed in Sec. III, as well as an example of tomographic reconstructions. A study of the application of interference filters to select spectral lines is presented in Sec. IV.
II. DESCRIPTION OF THE SYSTEM
The visible-light tomography system on RTP detects light, emitted in the range 300-1100 mu from one poloidal cross section, by a total of 80 channels from five directions. Optical imaging systems, consisting of mirrors for four viewing directions and lenses for one, are used to collect one to two orders of magnitude more light2 than would be possible with pinhole systems with similar characteristics. The mirrors are positioned inside a port of the vacuum vessel. The mirrors are spherical, cut to rectangles: the long side being as large as possible to collect much light, the short side such as @Permanent address: Institute of Theoretical and Applied Mechanics, Novosibirsk 6300900, Russia.
to fit in the narrow port. View dumps and shields have been installed to reduce unwanted reflections,3 which facilitates interpretation of measurements Because most visible light is emitted from the edge of the plasma (hollow profiles), emphasis has been put on achieving a high spatial resolution at the edge by having narrow viewing chords looking mainly at the edge. Each viewing direction, at angles O", 65", 120", 255", and 275", views approximately one third of the plasma diameter. To be able to do correlation measurements of fast phenomena, fast electronics is used with a bandwidth of 200 kHz. The detectors are arrays of Si p-i-n photodiodes.
III. APPLICATION OF TOMOGRAPHY ALGORITHMS
To design and examine the properties of the optical imaging system, calculations have been done with two-and three-dimensional raytracing codesaW A complete description of the system is given by the contribution of the locally emitted power g in the plasma, to the power f measured by each detector. In discrete form, this can be expressed in the weight matrix W, fj=5 wjigi,
i=l where i is the indicator of the N cells in which the poloidal cross section is divided, and j is that of the detectors. The weight matrix for the RTP system has been calculated2 and measured.3 Because not all effects in the system are accurately known (e.g., the exact positions of mirrors and shields), the most reliable results have been obtained with the measured weight matrix. For these measurements the system was mounted on a dummy tokamak section and the signals of all detectors were measured, while a small light source was scanned through the "plasma" region, giving the relative contributions from the positions in the plasma (the point spread function). After processing of these measurements the weight matrix is obtained, which can be used for interpreting measurements of a plasma. The noise in the measured weight matrix is larger than in measurements of plasmas. Therefore, the weight matrix has been smoothed, such that for various emission phantoms, the results of Eq. (1) for different detectors lie on a smooth curve. In this process some characteristics of the system (like reflections on objects in the vacuum vessel not covered by the view dumps) were taken into account.
To be able to compare the signals from different detectors, the effects contained in the weight matrix should be removed."S" This is done by scaling the measurements to what would be measured by line integrals. The scaling factor for a detector is defined as the ratio of the line integral corresponding to the viewing direction through an emission profile to the signal expected from Eq. (1). The scaling factor depends on the emission profile. The contribution of the weight matrix varies along the viewing direction." In Fig. 1 the scaling factors have been calculated for various emission phantoms. For widely different emission profiles the resulting scaling factors are close to each other, except for channels viewing the plasma edge.
As an experimental test case an approximately cylindrical symmetric emission protie was studied: a plasma during glow-discharge cleaning (GDC). Most other types of plasmas have emission profiles which are more localized to the edge and are asymmetric. Cylindrical symmetry was assumed and a fit of the measurements, scaled with the scaling factors for a flat emission profile, was made with a polynomial dependence on the radial position of the viewing chord. This polynomial was Abel inverted. The thus-obtained profile was used to calculate one of the curves in Fig. 1 . Iteratively, the found profile could be used for determining more adequate scaling factors, followed by a repetition of the inversion. The small differences in Fig. 1 show that this will not change the interpretation of measurements much.
The scaled measurements of the GDC discharge were also tomographically inverted by a special method.4'5 In this method the scaled measurements are interpolated and smoothed to values that would be measured by a system with parallel beams, and then tomographically inverted by a regularized filtered back projection (FBP) technique.6 The result of the reconstruction (Fig. 2) corresponds well to what can be expected from the Abel inversion. Comparison of the back-calculated and actual measurements shows an average deviation of the order of 10% for this case. We can conclude that the preprocessing of data by scaling is in general reliable and that good reconstructions can be obtained. However, these tests show that it is difficult to obtain good scaling factors for a few channels viewing the edge of the plasma.
Iv. SELECTION OF OPTICAL FILTERS
All measurements done so far are with the entire spectral sensitivity bandwidth of the detectors. Optical filters can be installed to select certain wavelength ranges to be able to study the plasma emission in more detail. The filters are placed between the vacuum window and the detector array. If the filters were mounted in front of the imaging system, this would be inside the vacuum vessel. This would severely complicate changing of filters, and it would require special large-sized filters to match the size of the mirrors (and of the narrow port).
In the present position the light has quite large angles of incidence on the filters (up to 16"). This is not a problem if large wavelength ranges are measured with, for example, colored-glass filters. For narrow-bandpass filters like interference filters, however, the transmission characteristics are angle dependent. This dependence is studied in detail to determine which bandwidth is suitable for our application. The Doppler-broadened spectral lines emitted at the edge are expected to have a width of less than 1 nm.
Effects that occur in interference filters for non-normal incidence of a parallel beam of light are:7,8 a shift of the transmission curve to shorter wavelengths, a widening of the transmission band, and a decrease of the maximum transmission. The shift of the curve is the most important effect, and is given by the approximate formula Ar'eff where 6 is the angle of incidence with respect to the normal, Ah(a) the angle-dependent wavelength shift, X0 the central wavelength of the transmission curve under normal incidence, and neff the effective refractive index of the dielectric material in the filter. The range of validity of Eq. (2) is 6<2o".7 For the following calculations we take neff=2.1, which is in the range of neff for commercially available filters for the wavelength under consideration: X=656.3 nm (H, line). For an angle of incidence of 16", this gives AX-6 nm. The filter should transmit the required spectral line for all angles of incidence between 0" and 16". Therefore it seems that a filter is needed for which the transmission curve is shifted to a longer wavelength by 6 run with respect to the spectral line, and at least 6 nm wide. However, the effect of integration over the solid angle of the viewing cone has to be taken into account.
In our system the solid angle that is viewed by a detector has a rectangular shape (because the mirrors are rectangular), which can be very asymmetric. In the toroidal direction the detectors view between t3", and in the poloidal direction detectors in the middle of the array view between It'll", while detectors at both edges of the array view between -6" and +16', and +6" and -16", respectively. The effects of these rectangular solid angles have been calculated, and are compared with a circular solid angle.
In the calculations a model transmission curve for normal incidence as curve (a) in Fig. 3 was assumed, which is an idealized shape of normal commercially available filters.
The characteristic quantities, i.e., the shift of the transmission curve and the full width at half maximum (FWHM), depend on the angle.7 The latter has only a minor effect. To compare relative effects, the peak for normal incidence is taken as lOO%, while in commercial filters a typical absolute value is 50%. The calculations are for unpolarized light.
In Fig. 3 calculated transmission curves are shown of a filter with a FWHM of 5 nm: for a central detector (b), for an edge detector (c), and for an imaginary detector viewing with a circular solid angle (a cone with a semiangle of 8") (d). This cone results in a comparable widening of the curve with the widening for the actual detectors. Compared to the circular viewing cone, the curves for both detectors have a decreased transmission for long wavelengths, and become wider at short wavelengths. Full transmission of the same spectral line is possible for both detectors, if the central wavelength of the transmission curve is chosen properly. For a filter with a FWHM larger than 5 nm, the relative effects become smaller, and therefore selection criteria less stringent. This of course has to be weighed against the disadvantage of more contribution by background continuum radiation. Narrower filters than 5 nm, however, seem impractical, because there is a widening of several nanometers on the short-wavelength side and therefore no improvement in wavelength selection is made. A filter with a FWHM of 5 nm seems to be an acceptable choice for our optical system.
A good accuracy in the specifications of the filters is very important for our system. Unlike in most applications, a tilt of the filter to fine tune the peak-transmission wavelength is not possible, because this would always have an adverse effect for some of the detector elements.
